Power plants constitute roughly 40% of carbon dioxide (CO 2 ) emissions in the United States.
Introduction
Emission of carbon dioxide (CO 2 ) from the combustion of fossil fuels remains the largest net annual flux of greenhouse gases to the Earth's atmosphere [1] . Quantification of fossil fuel CO 2 emissions began with global and national-scale accounting but recent needs have placed more emphasis on quantification at smaller space and time scales in addition to detail regarding the emitting process [2] [3] [4] . This need is partly driven by the increasing density of atmospheric CO 2 measurements from both ground-based and remote sensing platforms [5, 6] . Utilizing such measurements within a carbon monitoring system (CMS) requires improved quantification of emissions, their uncertainties and disaggregation in space, time and by function [7, 8] . It is anticipated that a mature CMS can act to verify emissions at varying domains from city, to national and global scales. In addition to verification and improved understanding of complete carbon budgets, high-resolution emissions quantification can offer much more precise, reliable information on mitigation options and their reduction potential [9, 10] . Central to all of this research and applied policy needs is a reliable estimate and understanding of fossil fuel CO 2 emissions uncertainty. However, because much of the data used to construct high-resolution bottom-up emissions data products contain limited information on measurement or estimation procedures, uncertainty quantification remains challenging.
The United States collects considerable information regarding fuel consumption, economic activity and pollution statistics, offering a unique opportunity to understand fossil fuel CO 2 emissions uncertainty. Of all the emitting activities, electricity production represents the single largest CO 2 emitting sector in the U.S., accounting for roughly 40% of national emissions [11] . Electricity production is also the sector for which particularly detailed data are collected and archived but for which questions have been raised challenging the somewhat traditional assumption that it may be the most accurately estimated emitting sector. Hence, it is a logical choice for exploration of fossil fuel CO 2 emissions uncertainty and implications of uncertainty for greenhouse gas mitigation policies.
On August 3, 2015, the need to understand and quantify CO 2 emissions and uncertainty from the production of electricity intensified. On that date, the US Environmental Protection Agency announced regulation of power plants burning fossil fuels [12] . The proposed regulation establishes numerical targets to be met by 2030 for each US state's power plants in the form of a state average emission rate. The emission rate is the quantity of CO 2 emitted per unit of electricity produced (e.g. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 lbs CO 2 /MWhr). Because the overall goal of this proposed rule is to reduce the atmospheric burden of greenhouse gases, the accuracy of the emitted CO 2 amount within the calculation of the emission rate, is a critical element in establishing, implementing and verifying the emission rate goals. Estimation methods that can provide an unbiased emission quantity with a known level of accuracy and precision are needed. Furthermore, because each state will propose and implement the means by which they meet the EPA proposed emission rate targets, these methods must be consistent across all US power plants and transparent to the public.
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An exploration of FFCO 2 emissions from electricity production facilities in the US can be accomplished through close examination of two datasets on power plant characteristics. The Department of Energy's Energy Information Administration (EIA) and the Environmental Protection Agency's Clean Air Markets Division (CAMD) maintain independent data collection efforts, which can be used to quantify fossil fuel CO 2 emissions at all large electricity producing facilities in the US.
Because the CAMD and EIA datasets are generated by two different Federal U.S. agencies with different mandates, the data reflect different goals and collection methods. The EPA's data collection effort is focused on establishing regulatory compliance of SO 2 and NOx emissions and primarily uses stack monitoring. The EIA, by contrast, is focused on maintaining statistics on fuel consumption and electricity production and hence, relies primarily on fuel calculation procedures to estimate emissions.
Recent research explored the differences between the EPA's emissions data and that supplied by the EIA [13] . The annual relative difference for the total of all paired fossil fuel-burning facilities in the year 2004 was 2.5% (EPA>EIA). However, the mean individual relative difference for all paired fossil fuel-burning facilities was 0.7% (EPA>EIA) and the mean individual "unsigned" difference for all paired facilities was 18.3%. This suggests that the small total and average annual differences are caused by cancellation of large positive and negative individual paired differences.
A more narrowly focused study compared the 2009 EIA and CAMD CO 2 emissions at 210 coal-fired power plants, a subset of the total capacity in the US, and concluded that annual emissions from the EIA calculations were more accurate than the measured values contained within the CAMD data [14] .
Though important in confirming that these two datasets have numerical differences at the facility level, a number of questions remain regarding the reliability of this analysis [15] . Indeed, the peer-reviewed discussion that followed this paper questioned the veracity of the analysis and whether or not the conclusions were possible given the limitations in the data.
In spite of these important contributions, a number of questions remain regarding the differences between these two datasets. Firstly, key attributes need to be tested such as measurement methodology, power plant age and measurement time of year, in order to better isolate the differences.
Analysis must be performed at sub-annual scales in order to isolate consistent measurements at the facilities. These additional attributes combined with a more detailed statistical examination of the differences may uncover the mechanistic drivers of the mismatch between these two datasets, at both the individual and aggregate facility level. Finally, the policy implications of the discrepancies as they relate to the recent EPA rulemaking can inform what steps, if any, must be taken in order to support this and future policymaking on greenhouse gas emissions.
This study asks two questions: 1) what are the differences between these two datasets and what are their statistical properties? 2) Are these differences and the uncertainties they imply large enough to have an impact on policymaking exemplified by the recent EPA final rulemaking on CO 2 emissions from electricity production in the US. Previous attempts to answer the first question have relied on a single year of data and only annual resolution. This, as we will show, does not allow for an accurate determination of which EPA estimates are predominantly CEMs-based versus a variety of undocumented substitution methods, critical to a cogent comparison. Furthermore, previous work has assumed Gaussian statistics which is not supported by the distribution of the differences and is therefore, a potentially inaccurate means to assess these differences. Finally, one recent study remains clouded in controversy due to questioned statistical assumptions. No previous studies have attempted to assess how the differences may intersect with recent US policy targeting CO 2 emissions at power production facilities.
In order to answer these questions, we examine the differences between the CAMD and EIA across the 2001 to 2009 time period in an attempt to better quantify the differences between these datasets.
We place these differences within the context of the recent EPA Clean Power Plan. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
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Methods
The CAMD dataset used in this study is the "pre-packaged" hourly emissions data for Electrical Generating Units (EGUs) [16] . These data are reported as hourly CO 2 emissions monitored from an emitting stack or through a calculation, based on records of fuel consumption. There are seven categories used to identify the CO 2 emissions estimation method in the CAMD dataset. While we perform some exploration of all the methods [SI Text 2], we focus here on measurements for which a continuous emission monitoring (CEMs) method is operational on a continuous basis and for those facilities that do not deliver both heat and power. We focus on the CEMs as this is the primary means by which the EPA quantifies power plant emissions.
The EIA dataset which we use here is derived from reporting form 923, which reports monthly data on receipts and cost of fossil fuel, fuel stocks, generation, consumption of fuel for generation, and environmental data at each power plant [17] . We use the supplied CO 2 emission factors to calculate the quantity of CO 2 emitted from the reported consumption data.
In both the CAMD and EIA datasets, every power plant has a unique identifying code, allowing facilities to be organized in matched pairs. Pairs with zero emissions in either or both datasets are removed and the remaining non-zero emitting pairs are used for comparison purposes. Though both datasets include power plants burning other fuel sources, we limit our analysis to fossil fuels only [SI
Text 1].
In order to systematically compare the two datasets, we define a series of difference metrics [SI Text 1] . The annual individual difference, ID, is defined as the CO 2 emissions in the CAMD dataset minus the CO 2 emissions in the EIA dataset for each matched power plant. The individual relative difference, IRD, is defined as the CO 2 emissions difference at each matched power plant divided by the pair's average value (expressed as a percent). The total difference, TD, between the two datasets is defined as the summed CAMD CO 2 emissions minus the summed EIA CO 2 emissions where the summation occurs over all matched facilities. Similarly, the total relative difference, TRD, is defined as the TD between the two datasets divided by their average value, expressed as a percent.
Similarly, monthly or annual measures of difference can be computed. In the analysis presented here, we use monthly CO 2 emissions, unless specified otherwise. The Wilcoxon signed-rank test is used to decide whether the median value (e.g., IRD) is significantly different from zero [18] . The Wilcoxon test does not require the data comply with a Gaussian distribution, but it assumes that the data are continuous and symmetrically distributed (no skew)
around the median. We chose to use the Wilcoxon test, since our data displays a narrow peak and long tails, which violate the Gaussian distribution assumption. Therefore, we avoid the use of standard deviation in describing the distribution and instead rely on direct quartile and quintile metrics. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 The total difference between the matched facilities also is largest and increasing in the first three years of the time series up to a maximum value of 2.2% in 2003, after which it declines to values less than +/-0.6%. These results demonstrate that although the mean differences are not large (rarely exceeding 3%), this is the result of large negative and positive individual differences that cancel in the aggregate.
Results
Differences between the two datasets
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Mapping maximum differences
The differences at each of the individual matched facilities can be examined in space. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 The facilities that occupy the top differences shown in Figure 3a are candidates for deeper onsite evaluation. We define these top facilities as those which emerge repeatedly within the top ID values in each of the nine years. This reflects those facilities with both large ID values and a persistent presence among the large ID values in each of the nine years of matched data. Table 1 
Discussion
Differences between these two United States power plant energy/emissions datasets have implications for policy and decisionmaking though the relevance is dependent upon the spatial scale and scope of policy purpose. For example, the United States greenhouse gas inventory, used domestically and internationally, uses power plant data derived from EIA fuel statistics [20] . In the national aggregate, these data are consistent with the EPA power plant CO 2 emissions estimation (1-2%). However, this small difference masks an important element when comparing the underlying datasets. First, though the aggregate values are nearly identical between the two datasets, this is the result of large positive and negative differences, which cancel in the aggregate. For example, on those power plants for which an EPA direct emission monitor is actively sampling, differences between these and the EIA 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 estimates based on the consumed fuel, are greater than -6% for 20% of the facilities and greater than +9% for 20%. This increases to -13% and +14% for the outer 20% of the facilities.
Differences this large at the individual facility level raise concerns regarding policy operationalized at the US subnational level for which examples already exist at state and municipal levels [21] . At these scales, the choice of dataset will have significant implications on baseline emissions and policy outcomes. More importantly, actual emissions may indeed be accurately portrayed in one or the other of these datasets and hence, the wrong choice, could lead to biased outcomes and misguided policy.
Recently, the United States Environmental Protection Agency announced the implementation of the Clean Power Plan (CPP) for Existing Power Plants [12, 22] . The rule establishes state-specific targets for lowering the average emission rate (lbs CO 2 /MWhr) from a state's electricity generation units In order to demonstrate compliance with the targets established in the rule, state's will have to measure or otherwise estimate their state-average EGU CO 2 emission rate. Such measurements or estimation procedures will depend upon the mix of policies and measures adopted to meet their target.
For example, demand side energy efficiency improvements will require a means to estimate the amount of electricity demand obviated. Expansion of nuclear or renewable electricity supply will require estimation of the amount of zero-carbon electrical generation. However, because fossil fuel EGUs will remain a component of all state's energy supply and is the part of the US emitting landscape targeted by the EPA rule, it will be essential to measure or otherwise estimate the amount of CO 2 emitted at the power plant level.
We The inability of state's to reliably use the existing monitoring systems for power plant emissions suggests the need for further investigation into more reliable monitoring, an assessment of which of these datasets is more accurate, or both. Such an assessment is critical for planning, implementing and verifying the emission rate goals in the EPA rule. Given the potential uncertainties identified in this study, controversy may arise on questions of compliance with the EPA regulations.
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Conclusions
The carbon dioxide emission from US power plants represents roughly 40% of the national fossil fuel 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 CONFIDENTIAL -AUTHOR SUBMITTED MANUSCRIPT ERL-101772.R1   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
